Spectro-kinetic studies revealed the formation of charge-transfer (CT) complex of imipramine as an electron donor with ð acceptor 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in acetonitrile and dichloromethane solutions. The resulted CT complexes exhibit spectra that were remarkably different from those of the donor and acceptor. The stoichiometry of the resulting complex was found to be 1:1 by the method of Job's continuous variation. The formation constants and thermodynamic parameters of the resulting electron-donor-acceptor (DA) complexes were determined by Benesi-Hildebrand and van't Hoff equations, respectively. The time-dependent spectra recorded after mixing donor and acceptor has been related to an immediate formation of DA complex, which is followed by two relatively slow consecutive reactions. The pseudo-first-order rate constants for the formation of the ionic intermediate and the final product have been evaluated at various temperatures by computer fitting of the absorbance-time data to appropriate equations. The activation parameters, i.e. activation energy, enthalpy, and entropy of activation were computed from temperature dependence of the rate constants. The observed results afford evidence concerning the critical role of solvent polarity on the kinetics and stability of the resulting charge transfer complexes. The ionization potential of the donor in the two solvents was estimated and compared with the theoretical values.
Introduction
Charge-transfer phenomena was introduced by Mulliken 1, 2 and widely discussed by Foster to define a new type of adducts. Molecular interactions between electron donors and acceptors are generally associated with the formation of intensely coloured charge-transfer complexes either in the visible or UV region. 3, 4 These complexes are commonly found as intermediates in a wide variety of reactions involving electron-rich species or donors (D), such as nucleophiles and bases, and electrondeficient acceptors (A).
Weiss proposed 4 that all molecular complexes have an essentially ionic structure D + A -, and pointed out that a low ionization potential for the donor D, and a high electron affinity for the acceptor A, should then favour a stable complex. He attributed the colour of molecular complexes to intense charge-resonance spectra arising within the ions in the complex. Indeed, the ubiquitous CT absorptions are diagnostic of a very wide spectrum of intermolecular electron donor-acceptor (DA) interactions arising in extremely stable, isolable 1:1 complexes on one hand, 5 to highly transient complexes (with collisional lifetimes) at the other extreme. 6 Charge-transfer interactions are very important in the field of drug-receptor binding mechanisms, 7 in solar energy storage 8, 9 and in surface chemistry 10 as well as in many biological fields.
11
Charge-transfer complexes are known to take part in many chemical reactions like, addition, substitution and condensation. 12, 13 Recently charge transfer complexes have been gaining importance as potential high efficiency non-linear optical materials. 14 These complexes have been studied in organic conductors and photoconductors. 15, 16 Imipramine is commonly used to treat the depressive disorders owing to its efficiency in elevating the mood of patients by interfering to the re-uptake of norepinephrine or serotonin. 17 The study of CT interaction of imipramine with different acceptors can help to elucidate many chemical and biological phenomena that imipramine participates in. Review of the literature reveals that some spectroscopic and kinetic studies on the interaction of different drugs with DDQ has been reported before, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] but to the best of our knowledge there is not a systematic study on the activation parameters, stability and stoichiometry of the imipramine complex with DDQ.
The objective of the present article is to study the kinetic, thermodynamic, and mechanism of the interaction of the electron acceptor DDQ and imipramine in the solvents with different polarities.
Experimental
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) was commercially available from Merck and used without any further purification. Spectroscopic grade dichloromethane (DCM) and acetonitrile (AN) were purchased from Merck and used as received. Imipramine (antidepressant) was obtained as a gift sample from locally available pharmaceutical company. The RESEARCH ARTICLE M. Hasani and M. Shariati-Rad, 208 S. Afr. J. Chem., 2015, 68, 208-214, <http://journals.sabinet.co.za/sajchem/>. structures of imipramine and DDQ are shown in Fig. 1 . The purity of the drug was verified by the measurement of its melting point (174.5°C). 22 Stock solutions of DDQ and imipramine freshly prepared before each series of measurements by dissolving precisely weighed amounts of the component in the appropriate volume of solvent. Diluting appropriate volumes of stock donor and DDQ solutions with pure solvent were used to make working solutions for spectroscopic measurements.
The electronic absorption spectra of the studied CT complex solutions were recorded using a Perkin-Elmer Lambda 45 spectrophotometer with a pair of matched quartz cells of 1.0 cm path length. Rate measurements were performed on a Shimadzu UV-265 spectrophotometer with a CPS-260 thermostat for controlling temperature with precision of ±0.1°C. The molecular orbital package, MOPAC 2000 version 6.0 (PM3 method) was used for the theoretical calculation of the ionization potential of the donor. 23 
Results and Discussion

Electronic Spectral Studies
Imipramine as an electron donor interacts with DDQ as an electron acceptor (A), to form a charge-transfer complex. acetonitrile (AN) and dichloromethane (DCM) solutions with an excess amount of imipramine (i.e.
[imipramine]/[DDQ] = 58 to attain pseudo-first-order conditions) as a function of time at 25°C. While none of the reactants show any considerable absorption in the 450-600 nm region, addition of imipramine to DDQ results in strong absorptions in this spectral region, presumably due to the occurrence of charge transfer during the formation of corresponding molecular complexes. The resulting spectra, after mixing of DDQ with imipramine, are characterized by maximum absorptions at the wavelengths 588, 547, 465, and 350 nm. These spectral characteristics are highly correlated to the spectra reported for DDQ
•-radical anion [24] [25] [26] due to the inner-sphere character of the formed charge-transfer complex. Examination of the literature 24, [27] [28] [29] [30] shows that in many donoracceptor systems with DDQ as an acceptor, the formation of DDQ anion radical is often noticed which are only obtained through the formation of inner complexes from the initially formed outer complexes. Mulliken 31 pointed out that a donoracceptor pair would either form the associative outer complex or the dissociative inner complex depending on the distance of approach between the donor and acceptor and the relative magnitude of the no-bond and dative wave functions. It was also suggested that the formation of the inner complex from the outer complex should be strongly dependent on environmental conditions. Early evidence for the transformation of outer complexes to the inner ones in charge-transfer complex formation is the electrical conductance, which was explained 32, 33 on the basis of the equilibrium between outer and inner complexes.
Obviously, the spectra recorded for the complexes between DDQ and imipramine are time dependent. With elapse of time, the mentioned spectral characteristics became more evident and a new peak located at 340-360 nm appears. It should be mentioned that, the spectral changes in the region of 340-360 nm continue to increase very slowly till the end of the time of monitoring accompanied by decrease in absorbance at 450-600 nm.
The observed gradual decrease in the intensity of the chargetransfer bands in the 450-600 nm spectral regions could be due to the consumption of the ionic intermediates through an irreversible chemical reaction, 34 while the continuous increase of the 340-360 nm bands with elapse of time is indicative of the formation of the final reaction product.
Mulliken described the new low energy absorptions observed in solutions containing both a donor and an acceptor as chargetransfer transitions. 35 This low energy charge-transfer transition involves promotion of an electron residing in the highest occupied molecular orbital (HOMO) of the donor to the lowest unoccupied molecular orbital (LUMO) of the acceptor as shown for hu CT . 35 The experimental observations seem to be in accord with the mechanism illustrated below, as proposed before. 34, [36] [37] [38] 
According to the proposed mechanism, the first step involves a fast equilibrium for the formation of a D.A complex between imipramine (D) and DDQ (A), which is followed by two relatively slow consecutive reactions.
The observed enhanced absorption band intensities, immediately after mixing D and A, supports the fact that the chargetransfer complex formed is of the dative-type structure which consequently converts to an ionic intermediate possessing the spectral characteristics of DDQ radical ion.
Kinetic Study
In order to investigate the kinetics of production and consumption of DDQ
•-radical anions (i.e. k 1 and k 2 ), the absorbance at 590 nm was monitored as a function of time in solutions containing reactants at an imipramine-to-DDQ mole ratio of 20 at various temperatures. The resulting absorbance-time plots for the imipramine-DDQ system in both DCM and AN solutions at different temperatures are shown in Fig. 3 .
For the pair of consecutive reactions given in Eqs. (2) and (3), the concentrations of species involved as a function of time, under the pseudo-first-order conditions, are given by Eqs. (4)- (6): (2) and (3), respectively.
The absorbance of the reaction solution at time t is given by Eq. (7):
where εD,A, εA•-, and εP are the molar absorptivities of species D.A, A •-and product, respectively. Based on our observation, the monitored absorbance at 590 nm decreases with elapse of time and finally reaches very near to zero. So, the product P was set as nonabsorbing species (εP = 0).
RESEARCH ARTICLE
The substitution of Eqs (4) and (5) in Eq. (7) and rearrangements results in:
The pseudo-first-order rate constants k 1 and k 2 at various temperatures were then evaluated by fitting the corresponding experimental absorbance-time data to Eq. (8) using a non-linear least squares curve-fitting program KINFIT. 40 The program is based on the iterative adjustment of calculated to the observed absorbance values by using either the Wentworth matrix technique 41 or the Powell procedure. 42 The adjustable parameters are k 1 , k 2 , ε D.A , and ε A• -. The output of the KINFIT program comprises the refined parameters, the sum of squares and the standard deviation of the data. All the kinetic and thermodynamic data have been repeated three times. A sample fit of the absorbancetime data is shown in Fig. 4 . A fair agreement between the observed and calculated absorbances further supports the occurrence of reactions between the imipramine and DDQ via the two-step mechanism suggested.
All the values obtained for k 1 and k 2 at various temperatures are summarized in Table 1 . The activation parameter, E a , and transition state parameters, DH # and DS # , were then calculated by using the corresponding Arrhenius plots and the Eyring transition-state theory, 43 respectively; the results are given in Table 2 . The data given in Table 1 indicate that, in all cases studied, the pseudo-first-order rate constants increase with increasing temperature. It is also obvious that, the k 1 values in AN solution are larger than those in DCM solution, while, an opposite solvent effect is observed on the rate of the second steps of the reactions, k 2 , the k 2 values in AN are smaller than those observed in DCM solution. It should be noted that the observed solvent effect on the k 1 and k 2 values is in support of the proposed two-step mechanism. The resulting DDQ
•-radical ions from the first step are expected to become more stabilized in AN as a solvent of higher solvating ability and dielectric constant than DCM. 44 Consequently, the rate of production of [A •-] is expected to increase in AN solution, while its consumption to the final product should be decreased in this solvent. This behaviour has been reported before. 28 The E a and DH # values (Table 2 ) are in complete accordance with the values of rate constants. The larger are these parameters, the smaller are the rate constants. From Table 2 it is obvious that, although the rate of the first step of the reaction is higher than that of the second step in DCM, it is associated with higher activation energy as it compared with the value of activation energy for the second step. This may be explained in terms of the compensatory effect of highly negative DS of DDQ solution after addition of imipramine indicates the formation of ionic species in the solution. It was also found that the formation of ionic species is dependent to the solvent polarity. A higher value of conductivity of CT complex in AN with a higher dielectric constant was obtained compared with that in DCM with lower polarity.
Equilibrium Study
Job's method of continuous variation, 45 which provided symmetrical curves with maxima at a mole fraction of 0.5, in both the solvents, confirms a 1:1 stoichiometric ratio (Fig. 5) . The equilibrium constants of the formation of imipramine-DDQ charge-transfer complexes in the two solvents were determined employing the absorbance at 590 nm. As seen in Fig. 6 during the first few seconds after the addition of imipramine to DDQ solution, a rather sharp step-functional increase in the absorbance at 590 nm was observed. This initial change in the absorbance (DA) upon the mixing of imipramine and DDQ was found to increase along with a rise in the concentration of imipramine.
DA values at 590 nm were measured using constant acceptor concentration (in a given solvent) and varying concentration of a donor but always The results given in Table 3 revealed that, the stability of the resulting charger-transfer complexes increases with increasing polarity of the solvent from DCM to AN. A similar solvent effect on the stability and charge transition energies of different charge-transfer complexes has been reported in the literature. [47] [48] [49] [50] [51] [52] . It has been suggested that the observed trend in the stability of the charge-transfer complexes could be due to the high stabilization of the excited states in which the charge is probably more separated than in the ground states.
The thermodynamic parameters, enthalpy change (DH 0 ) and RESEARCH ARTICLE M. Hasani and M. Shariati-Rad, 212 S. Afr. J. Chem., 2015, 68, 208-214, <http://journals.sabinet.co.za/sajchem/>. Table 3 . These values show that the complexation is exothermic and enthalpy driven with a negative entropic contribution. The negative enthalpies show that the complex formation is spontaneous wile negative entropy indicates a decrease in the degree of freedom of the components upon complexation.
Ionization Potential
Out of the many applications of charge-transfer complexes, one important application is to calculate the ionization potential of the donor. The ionization potential (I p ) of the HOMO of the donor has been estimated from charge-transfer energies of its complexes with the acceptor making use of the empirical equations reported in the literature. 
where ν is the wave number corresponding to the charge-transfer band of the charge-transfer complex which is 17301 and 16949 cm -1 for charge-transfer complex formation in DCM and AN, respectively. It has been reported that the ionization potential of the electron donor may be correlated with the charge-transfer transition energy of the complex. 54 The calculated Ip values for molecular orbital participating in chargetransfer interaction of the drug in AN and DCM are 8.34 and 8.39 eV, respectively. Moreover, MOPAC PM3 calculation of the Ip of imipramine resulted in 8.52 eV. In the present study, the theoretical (MOPAC PM3 method) and experimental ionization potential values are in relatively good agreement with each other. This fact supports the interpretation that the low energy band can be regarded as the charge-transfer band.
Further evidence for the nature of charge-transfer interaction in the present system is the calculation of the dissociation energy (W) of the charge-transfer excited state of the complex. In fact, it is the electrostatic energy of the ion pair [D •+ , A
•-]. To the first approximation, the separation between D and A in D.A complex is inversely related to W. 55 The dissociation energies of the complex were calculated from their charge-transfer energy, hν CT , the ionization potential of the donor, I p and electron affinity, E A , of the acceptor using the empirical relation 56 given in the following equation: hνCT = Ip -EA -W
The calculated values of W are 2.96 and 2.97 eV in DCM and AN, respectively. These W values suggest that the investigated complex is stable under the studied conditions with high resonance stabilization energy. 
Conclusions
Spectrophotometric studies revealed that the interaction of imipramine and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone to be proceed through the formation of a 1:1 CT-complexes. The values of the obtained K CT can be indicative of a transition between the donor and the acceptor, such as the donor forms radical cation and the acceptor forms radical anion. The equilibrium process of the CT formation is followed by an irreversible kinetic reaction. The permittivity of the medium affects the equilibrium and kinetics of the DDQ-drug interaction. The system was characterized by the formation of the DDQ
•-radical ion. The mechanism of the interaction of the drug studied may be useful in understanding the binding of drug molecule in real pharmacokinetic study. 
